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ABSTRACT The physical mechanism of strong field quantum
control using chirped femtosecond laser pulses is investigated.
Dressed state control is exerted by making explicit use of the
temporal phase changes of the pulse. In our experiment, the
dressed state population is mapped by photoelectron spectra
from simultaneous excitation and ionization of potassium atoms
as a function of the chirp parameter. We show that chirped
pulses can be used to selectively steer ground state atoms tem-
porarily into a single dressed state realizing transient Selective
Population of Dressed States (SPODS).

PACS 32.80.Qk; 32.80.Rm; 33.80.Rv

1 Introduction

Quantum control using shaped femtosecond laser
pulses has opened up numerous fascinating perspectives in
fundamental and applied research [1–4]. Applications range
from physical chemistry, non-linear optics and quantum in-
formation to the control of light harvesting in bio-molecules.
The unique coherence properties of femtosecond laser pulses
enable to exert quantum control experiments with full con-
trol over the electrical field in terms of phase, amplitude and
polarization. The realm of strong field quantum control be-
yond the perturbative regime has become accessible by high
pulse intensities delivered by ultrashort pulses with only mod-
erate pulse energy. Because intense fields enable the richest
controlled dynamics, investigations of strong field quantum
control are triggered by fundamental interest and the prospect
to design more efficient pulse shapes once the mechanisms
are better understood. In the spirit of this direction, in this
contribution, we investigate the light induced dynamics of
a model system (potassium atoms) using intense phase mod-
ulated laser pules.

Generally, weak field quantum control concepts are no
longer valid when the perturbative description of the light
matter interaction breaks down. However, it was demon-
strated that weak-field coherent control principles to ma-
nipulate the final state population are applicable to non-
perturbative control employing so called real electric fields,
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i.e. resonant shaped pulses which are purely amplitude mod-
ulated in time domain [5]. This implies that the pulse enve-
lope has a constant temporal phase except for π-jumps which
merely represent a change of the sign of the envelope. For ex-
ample, pulses subjected to third order dispersion (TOD) are
real, whereas linearly chirped pulses with group delay dis-
persion (GDD) are not real in that sense. As a consequence,
pulses with phase discontinuities or gradual changes of the
temporal phase present a challenging regime to analyze.

We extend this concept to strong field control of tran-
sient amplitudes which take the key position in approaching
the final population in realistic multistep control processes.
A suitable physical model to describe the interaction of in-
tense laser fields with matter is provided by dressed states [6],
i.e., the eigenstates of the Hamiltonian, which includes the
laser-matter interaction. In the context of transient amplitudes
it is the selective population of dressed states (SPODS) that
provides selectivity in a multistep control scenario. However,
there is no selective population of dressed states using real
pulses of arbitrary shape. This aspect is illustrated in Fig. 1 on
the photoelectron spectra resulting from a resonant structured
real laser pulse generated by modulation in frequency domain.
Generally, photoelectron spectroscopy is used to map the bare
states of an atomic or molecular system. However, when the
ionization field coincides with the excitation field, the field-
dressed states are probed. In Fig. 1a phase modulation (TOD)
is used whereas amplitude modulation (spectral hole at the
transition frequency) is used in Fig. 1b. Despite the highly
structured pulse shape, the Autler–Townes (AT) [7] doublet in
the photoelectron spectrum is symmetrical, which implies that
both dressed states are equally populated. This is a general
property of real pulses, because the excited state amplitude
cb(t) is always purely imaginary during the light matter inter-
action and hence the photoelectron spectrum – which arises
from the Fourier transform of cb(t)E2(t) (see (1)) – is always
symmetrical. As a consequence, strong field control of the
dressed state population requires control of the transient am-
plitudes using fields which exhibit temporal phase changes.

An example of strong field control on the AT-doublet in the
photoelectron spectrum using interferometric double pulse
sequences, i.e., pulses featuring phase discontinuities, was re-
ported in [8] and interpreted in terms of the dressed state
control in [9, 10]. Alternatively, phase jumps generated by
sinusoidal phase modulation were employed to control the
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FIGURE 1 Photoelectron spec-
tra resulting from (a) phase- or
(b) amplitude modulated pulses.
Left: modulated laser spectra
Ẽ(ω) and the spectral phase
function ϕ(ω) (phase wrapped),
middle: temporal laser electric
field envelope E(t) and temporal
phase χ(t), right: corresponding
photoelectron spectra. Despite
the complicated pulse shapes, no
selectivity of the dressed state
population is achieved by real
pulses

dressed state population [11]. In contrast to the abrupt change
of the temporal phase in those experiments, in this contribu-
tion, we demonstrate how chirped pulses featuring continuous
frequency sweeps, can be used to control SPODS. To this end
we measure kinetic photoelectron spectra as a function of the
chirp introduced by a quadratic phase modulation function in
frequency domain [12, 13]. Chirped laser pulses play a very
prominent role in quantum control theoretically and experi-
mentally [14–20].

The paper is organized as follows. First we describe the
theoretical treatment (Sect. 2), then the experimental setup is
briefly described (Sect. 3). Experimental results are presented
in Sect. 4. The physical mechanism is discussed in Sect. 5.

2 Theoretical description

Figure 2 shows the excitation scheme used in this
experiment. Unlike conventional pump-probe scenarios in
which the first pump pulse initiates the dynamics, which is
probed by a second pulse in our experiment, a single chirped
pulse is used to drive the dynamics in the neutral atoms and
also to simultaneously ionize the 4p atoms. Our experiments
are described theoretically by iteratively solving the time de-
pendent Schrödinger equation (TDSE) [21, 22] for the (lin-
early polarized) light induced neutral atomic dynamics in
order to consider strong field effects. In our simulations potas-
sium atoms are described by a three-level system (4p1/2 ← 4s
and 4p3/2 ← 4s) weakly coupled to a flat continuum, i.e.,
photoionization is treated using perturbation theory since the
neutral-to-ionic transitions are much weaker than for instance
the K (4p ← 4s) transitions. The amplitudes c(ωe) for pho-
toelectrons with kinetic energy hωe generated by the two-
photon ionization from the 4p excited state read [23–25]

c(ωe) ∝
∞∫

−∞
c4p(t)E2(t) ei(ωe+ωIP−ω4p)t dt , (1)

where c4p(t) describes the time dependent amplitude of the
4p state with the energy hω4p and hωIP is the ionization en-
ergy. The electric field E(t) = E(t) eiω0t can be decomposed
into the (complex) envelope E(t) and the carrier eiω0t with

the laser frequency ω0 detuned from the atomic resonance by
δ = ω4p←4s −ω0. The envelope contains the temporal phase
χ(t) and can be written as E(t) = |E(t)| eiχ(t). In Sect. 5 the dy-
namics are discussed in a simplified picture. In that section we
use resonant chirped excitation of a two-level system for clar-
ity. The dressed state amplitudes (dlow(t), dup(t)) are obtained
from the bare state amplitudes (ca(t), cb(t)) using the unitary
transformation [26](

e−iχ/2 cos(Θ) eiχ/2 sin(Θ)

−e−iχ/2 sin(Θ) eiχ/2 cos(Θ)

)
, (2)

with the mixing angle Θ

tan(2Θ) = |Ω|
δ

(3)

FIGURE 2 Excitation scheme (right) and schematic experimental setup
(left). Ultrashort 30 fs laser pulses from a titanium-sapphire amplifier Ein(t)
are sent into a 128 pixel liquid crystal spatial light modulator. Quadratic
phase functions ϕ(ω) produce chirped pulses Eout(t) which are used for
simultaneous excitation and ionization of potassium atoms. Due to the non-
stationary temporal phase a single dressed state is populated during the
interaction as indicated with the bold line in the atomic level scheme. Energy
resolved photoelectron spectra probe the transient dressed state population
for different chirp parameters ϕ2
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determined by the Rabi frequency Ω and the detuning δ. The
bare state amplitudes ca(t) and cb(t) obtained from the solu-
tion of the TDSE are used to construct the Bloch vector [27]

ρ(t) =
⎛
⎝

c∗
a cb + ca c∗

b

i
(
c∗

a cb − ca c∗
b

)
|cb|2 −|ca|2

⎞
⎠ . (4)

The dynamics in the Bloch picture is described by ρ̇(t) =
ΩB(t)×ρ(t) with the angular velocity vector in the frame ro-
tating with the laser frequency

ΩB =
⎛
⎝−|Ω| cos(χ)

−|Ω| sin(χ)

δ

⎞
⎠ . (5)

3 Experimental setup

Femtosecond laser pulses (30 fs full-width at half
maximum, 788 nm central wavelength) from a Ti:sapphire
amplifier were phase modulated by a home-built pulse
shaper [28] (see Fig. 2), containing a 128 pixels li-
quid crystal spatial light modulator. In this experiment,
we applied quadratic spectral phase modulations ϕ(ω) =
ϕ2
2 (ω−2.4 fs−1)2 at the pulse shaper to generate chirped

pulses. The modulated pulses were focussed by a 300 mm
fused silica lens into a vacuum chamber (1.3 ×10−6 mbar)
to intersect a potassium atomic beam. Solid potassium was
heated up to 360 ◦C in an oven chamber with an exiting nozzle
of 200 µm diameter, connected to the vacuum chamber. The
photoelectrons from multiphoton ionization were detected
using a magnetic bottle spectrometer, yielding time-of-flight
spectra (see Fig. 2) which are converted into kinetic energy
photoelectron spectra. We calibrated the magnetic bottle spec-
trometer with a Nd:YAG (532 nm) and a dye laser (548 nm and
570 nm) by ionizing the xenon 5p1/2 and 5p3/2 ground states
as well as the potassium ground state 4s1/2. In the experiment,
the pulse energy was set to 0.5 µJ. We measured a beam waist
radius of 30 µm for the femtosecond laser in the interaction

FIGURE 4 Photoelectron spectra for a group delay dispersion scan. (a) and (b) show false color plots of simulated (a) and measured (b) photoelectron
spectra. For each group delay dispersion ϕ2 a photoelectron spectrum was recorded. In the simulation, a 30 fs Gaussian pulse at 788 nm was applied. The
vertical arrows in (b) are at the energies of the slow and fast photoelectrons as well as at the excess energy hωe. The horizontal dashed lines in (b) indicate
the positions of the photoelectron spectra separately shown in (c): (A) 100 fs2, (B) −100 fs2 and (C) −1200 fs2, with either the lower (A), upper (C) or both
(B) dressed states populated (measured: solid lines, simulated: dashed lines). Note that the additional maximum at around 1250 fs2, 0.6 eV indicated with
a horizontal arrow in (b) arises from a spectral phase discontinuity at the transition frequency due to phase wrapping within the pulse shaper

FIGURE 3 Quadratic spectral phases set by the pulse shaper and retrieved
by a Grenouille. Solid lines show the normalized power spectral density
(PSD) recorded by a spectrometer. The dashed lines show simulated spec-
tral phases. The dots represent spectral phases measured by a Grenouille. In
case (a), no spectral phase modulation was applied at the pulse shaper while
in (b) ϕ2 was set to −500 fs2. In both cases, an uncompensated group delay
dispersion of −140 fs2 was subtracted

area with a cutting knife method, resulting in an intensity of
about 6 ×1011 W/cm2.

The dispersion introduced by the fused silica focussing
lens and the fused silica entrance window of the vacuum
chamber was pre-compensated with the help of the prism
compressor of the Ti:sapphire amplifier. We adjusted the
prism compressor such that the femtosecond pulses were
bandwidth-limited at a Grenouille [29] after passing through
an equivalent thickness fused silica plate. Moreover, the phase
introduced by the pulse shaper was occasionally measured
with the Grenouille. In Fig. 3, simulated and measured spec-
tral phases are depicted for a quadratic spectral phase modula-
tion. Fig. 3a depicts the case of no phase modulation while in
b a quadratic phase modulation of ϕ2 = −500 fs2 was applied.
Good agreement between the measurement and the simula-
tion is observed showing the fidelity of the phase modulation.

4 Experimental results

Figures 4a and b show false color representa-
tions of the simulated and measured photoelectrons with the
chirp parameter ϕ2 ranging from −1900 fs2 (down chirp) to
+1900 fs2 (up chirp). Depending on the chirp either slow
or fast photoelectrons are observed demonstrating selec-
tive population of the lower or the upper dressed state. The
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comparison between the experimental results and the simula-
tions shows reasonable agreement. Since the laser frequency
ω0 = 2.4 fs−1 is slightly detuned from the resonance fre-
quency ωba = 2.45 fs−1, the AT spectrum is not quite symmet-
rical even for a bandwidth limited pulse (ϕ2 = 0). Because the
laser is red detuned the slow photoelectrons are slightly more
pronounced.

Photoelectron spectra at specific ϕ2 are presented in
Fig. 4c. These photoelectron spectra were extracted at (A)
ϕ2 = 100 fs2 (slight up-chirp), (B) −100 fs2 (slight down
chirp) and (C) −1200 fs2 (strong down chirp) from the pho-
toelectron distributions in Fig. 4a and b. The results shown in
Fig. 4 clearly demonstrate our ability to control the dressed
states population via the chirp parameter: up-chirped laser
pulses prepare the selective population of the lower dressed
state (see Fig. 4c case A), whereas down-chirped pulses pre-
pare the selective population of the upper dressed state (see
Fig. 4c case C). Setting the chirp parameter to −100 fs2 re-
sults in approximately equal population of both dressed states.
The slight down-chirp, therefore, compensates the effect of
the detuning of the laser frequency with respect to the atomic
transition. Our results show that continuous changing the tem-
poral phase using chirped pulses allows to steer ground state
atoms into a preselected dressed state with high selectivity.

5 Discussion

In order to present a physical picture of the under-
lying mechanism we describe our experimental observations
in terms of a simplified model containing two approxima-
tions. First potassium atoms are described as two level atoms
and second resonant excitation is considered. For excitation
we use a 30 fs Gaussian laser pulse modulated by a quadratic
spectral phase function. Fig. 5a shows the pulse envelope,
which is significantly broadened (187 fs FWHM of the inten-
sity) due to the −2000 fs2 down-chirp and the corresponding
quadratic temporal phase function χ(t). For the sake of clar-
ity, a chirp parameter of −2000 fs2 was chosen to illustrate

FIGURE 5 Excitation of ground state atoms with a ϕ2 = −2000 fs2 down-
chirped pulse. (a) pulse envelope |E(t)| and the temporal phase χ(t) (dashed),
(b) time evolution of the bare state population c4s(t) (dashed) and c4p(t), (c)
time evolution of the dressed state population dup(t) and dlow(t) (dashed) and
(d) energy of the dressed states εup(t) and εlow(t) (dashed)

the physical mechanism in the limit of large chirp parameters.
This value is a lower limit for our measurement (cf. Fig. 4).
The time evolution of the bare state population (Fig. 5b) re-
veals that for large chirp parameters the physical mechanism
converges to Rapid Adiabatic Passage (RAP) [19, 30]. Note
that the RAP is insensitive to the direction of the chirp and,
thus, the bare state population is not influenced by the sign of
the chirp. Observation of the bare state population is, there-
fore, not sufficient to explain the alternating photoelectron
spectra. Initially, the dressed states are equally populated as
shown in Fig. 5c. During the excitation process, the upper
dressed state population increases leading to the (transient)
selective population of the upper dressed state during the time
interval of maximum intensity of the laser pulse (see Fig. 5c).
At the maximum laser intensity, the dressed states are split
by 0.1 eV as seen in Fig. 5d. Since the probability for ioniza-
tion is highest during this time interval only photoelectrons
from the upper dressed state are observed in the photoelectron
spectrum (compare with Fig. 4c case C) and therefore the tran-
sient selective population is mapped. In contrast to the bare
state population, the dressed state population is sensitive to the
sign of the chirp. For an up-chirped laser pulse, the popula-
tion of the dressed states is reversed (not shown) leading to
(transient) selective population of the lower dressed state. The
photoelectron spectrum therefore consists of a single peak at
low kinetic energies as observed experimentally (see Fig. 4c
case A). Bandwidth limited laser pulses show no selectiv-
ity, i.e., both dressed states are equally populated during the
laser matter interaction leading to a symmetric photoelectron
spectrum similar to the experimental observation presented in
Fig. 4c case B.

We now discuss the physical mechanism of chirped exci-
tation in the Bloch picture in the resonant case, i.e., without
detuning δ = 0 (see Fig. 6). The Bloch picture is particularly
suitable to analyze the dynamics because it provides a link be-
tween bare state and dressed state dynamics. In addition, since
the interplay of the optical phase and the quantum mechanical
phase are visualized we can use this picture to understand the
mechanism of SPODS exerted by phase discontinuities [9, 10]
and pulses with continually varying phases. In the frame rotat-
ing with the laser frequency ω0 (see left hand parts of Fig. 6),
the angular velocity vector ΩB remains in the u, v plane and
chirped excitation is characterized by the rotation of ΩB in
the u, v plane due to the time dependent optical phase χ(t).
For down-chirped (up-chirped) pulses, the rotation of ΩB in
the u, v plane changes from counter-clockwise (clockwise)
to clockwise (counter-clockwise) around the +w axis when
the instantaneous laser frequency passes the resonance (time
zero). At this time, i.e., at the equator, the Bloch vector ρ(0 fs)
is parallel to the angular velocity vector ΩB(0 fs) for down-
chirped pulses (see Fig. 6 lower panel). Whenever the Bloch
vector and the angular velocity vector are parallel the upper
dressed state is selectively populated in agreement with the
temporal evolution of the dressed state population shown in
Fig. 5c. This demonstrates again how chirped pulses lead to
transient SPODS. For up-chirped pulses, ρ(0 fs) is antiparal-
lel to ΩB(0 fs) at the equator, corresponding to the selective
population of the lower dressed state (see Fig. 6 upper panel).

In the frame rotating with the instantaneous laser fre-
quency ω(t) where the optical phase vanishes at all times
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FIGURE 6 Bloch sphere representation of strong field excitation for an up-
chirped pulse (upper panel) and a down-chirped pulse (lower panel). Left:
frame rotating with the laser frequency ω0 right: frame rotating with instan-
taneous frequency ω(t). For up-chirped pulses the Bloch vector ρ (dashed
arrow) and angular velocity vector ΩB (open arrow head) are temporarily
anti-parallel in the frame rotating with ω0 indicating the transient selective
population of the lower dressed state. In the frame rotating with ω(t) both
vectors are always anti-parallel due to adiabatic following. Down-chirped
pulses lead to parallel vectors ρ and ΩB indicating the transient selective
population of the upper dressed state

the chirp is expressed in terms of a time-dependent detun-
ing ∆(t) = χ̇(t) (see right hand parts of Fig. 6). We illustrate
how transient SPODS converges to RAP for large chirps. For
a down-chirped pulse (up-chirped) ΩB initially points to the
south (north) pole and moves smoothly to the north (south)
pole. In both cases the Bloch vector initially points to the south
pole. In this picture the Bloch vector adiabatically follows
the angular velocity vector [31] being approximately parallel
(anti-parallel) during the whole process (Fig. 6 lower (upper)
panel). Finally, we note that for transient SPODS the adia-
batic condition |Θ̇(t)| � √

Ω(t)2 +∆(t)2 [19, 26, 32] needs to
be fulfilled only during the most intense part of the pulse. As
an illustration, the time dependence of |Θ̇(t)| and the (gener-
alized) Rabi frequency

√
Ω(t)2 +∆(t)2 are depicted in Fig. 7

for the chirp parameters φ2 = 100 fs2 and φ2 = 2000 fs2. It is
seen that for small chirp parameters (φ2 = 100 fs2) the adia-
batic condition is violated in the wings of the laser pulse, i.e.,
|Θ̇(t)| >

√
Ω(t)2 +∆(t)2. However, during the central part of

the pulse – where ionization is most probable – the time de-
pendent adiabaticity factor Q(t) [32] defined by

Q(t) =
√

Ω(t)2 +∆(t)2

|Θ̇(t)| (6)

exceeds a value of 10 as indicated by the grey shaded area
in Fig. 7. For large chirp parameters (φ2 = 2000 fs2) Q(t) ex-
ceeds 10 during the whole process confirming that SPODS

FIGURE 7 Time dependence of the adiabatic condition. Comparison of the
time derivative of the mixing angle |Θ̇(t)| (dashed line) and the (generalized)
Rabi frequency

√
Ω(t)2 +∆(t)2 (solid line) for φ2 = 100 fs2 (left) and φ2 =

2000 fs2 (right). The dark shaded curve shows the respective laser electrical
field |E(t)|. Note the different scaling of the axes in both graphs. The light
grey shaded area indicates the interval in which the adiabaticity factor Q >
10, i.e. the adiabatic condition is (approximately) met

converges to RAP in the limit of large chirps. Since SPODS
is also observed for small chirp parameters, we conclude that
– in contrast to RAP – the mechanism of SPODS can be real-
ized even if the adiabatic condition is not fulfilled during the
complete excitation process.

6 Summary

In this paper we presented a study of photoelectron
spectra resulting from simultaneous excitation and ionization
using intense chirped femtosecond pulses. Our results were
discussed in the bare state picture, the dressed state picture
and the Bloch vector model. In order to present a physical pic-
ture of this strong field control mechanism we exploited the
connection between these pictures. The dressed state picture
delivers a very natural explanation of the experimental obser-
vations. In strong laser fields, photoelectron spectra map the
dressed state population and hence the observation of a single
AT component indicates SPODS. In the Bloch picture SPODS
occurs when the Bloch vector ρ and the angular velocity vec-
tor ΩB are (anti-) parallel. In view of quantum control, the
question of controllability of the photoelectron spectrum in
strong laser fields was addressed. Since real pulses do not al-
low the dressed state population to be manipulated, pulses
featuring a change of the temporal phase were used to ex-
ert control on the dressed state population. Besides earlier
realizations of SPODS by phase jumps [8–11], we demon-
strate here how chirped pulses – which are characterized by
a continuous change of the temporal phase – can be used to se-
lectively steer ground state atoms (temporarily) into a single
dressed state. In particular up-chirp pulses populate the lower
dressed state and vice versa. Unlike RAP, SPODS by chirped
pulses can be used for quantum control of transient processes
even if the adiabatic condition is not fulfilled during the whole
process. Because many different pulse shapes exist which re-
alize SPODS, we believe that SPODS is an important physical
mechanism in the realm of strong field quantum control.
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